Introduction
Creutzfeldt-Jakob disease (CJD) is a fatal disease manifesting slowly progressive dementia, hallucination, ataxia, myoclonus, pyramidal tract sign and Seizure (2008) Summary We evaluated the correlation between the periodic sharp wave complexes (PSWC) on EEG and the spreading lesions on diffusion-weighted (DW) magnetic resonance images (MRI) in two cases of Creutzfeldt-Jakob disease (CJD). In Case 1, DW-MRI showed increased signal intensity in bilateral caudate, bilateral parietal, and right temporo-occipital cortex at 7 weeks after onset. EEG showed PSWC of 1 Hz frequency at 8 weeks after onset. Source localization analysis of the PSWC was conducted by low resolution electromagnetic tomography (LORETA), and localized the source in the cortex of bilateral parietal lobes and mesial frontal lobe, predominantly on the right side. At 10 weeks after onset, the PSWC source spread to bilateral parietal and frontal lobes, and the same spread was also observed for the lesion depicted on DW-MRI. In Case 2, DW images showed high signal intensity in the right parietal cortical lesion at 4 weeks after onset. PSWC of 2 Hz frequency were seen in the routine EEG, and the source was localized in bilateral frontal lobes and right parietal lobe at 7 weeks after onset. The lesions on DW images also spread to bilateral frontal and parietal lobes. Nine weeks after onset, the source of PSWC extended to the right frontal lobe and bilateral parietal lobes, while the lesions on DW images progressed to the right temporal lobe and bilateral fronto-parieto-occipital lobes. Spreading DW-MRI lesions may correlate with the appearance of PSWC. # 2008 British Epilepsy Association. Published by Elsevier Ltd. All rights reserved. extrapyramidal tract sign. A definite diagnosis depends on histopathological examination of biopsies or autopsy specimens. However, the transmissible nature of CJD limits the use of these high-risk methods. A probable diagnosis 1 is made according to symptoms and course of illness together with paroxysmal sharp wave complexes (PSWC) as characteristic EEG findings, 2 elevated 14-3-3 protein in the spinal fluid 3 and abnormal cortical intensity on diffusion-weighted (DW) magnetic resonance images (MRI). 4 Among these examinations, detection of lesion on DW-MRI is the most useful finding in the early stage of CJD. 5, 6 However, a diagnosis is sometimes difficult in cases with focal or localized MRI lesions in the early stage of this disease. 7, 8 The first EEG finding of CJD is often localized frontal intermittent rhythmical delta activity (FIRDA) that appears immediately after onset. 9 The activity evolves to typical PSWC after a few weeks. PSWC are characterized by generalized synchronized high voltage sharp wave, with frequencies of 1-2 Hz. 10 Although PSWC usually show ''generalized'' waves, they sometimes exhibit lateralized or localized distributions in early stages of CJD. 10 Although PSWC is included as one of the criteria of clinical diagnosis of CJD, the mechanism of PSWC is not fully understood.
In this study, we followed two patients with CJD from the early stage and evaluated DW-MRI findings in association with the localization of PSWC on EEG determined by low resolution brain electromagnetic tomography (LORETA), 11 which is a source localizing method.
Patients and methods

Patients
Two cases with a clinical diagnosis of probable CJD were analyzed.
Case 1 was a 75-year-old woman who manifested slowly progressive cognitive decline with dizziness and unstable gait. Four weeks after onset, she experienced visual hallucination of something moving or dancing. She had a past history of primary biliary cirrhosis but no other diseases. Seven weeks after onset, she was admitted to our hospital because of unstable gait. At admission, neurological evaluation revealed moderate cognitive disturbance of orientation and memory, and visual illusion and visual agnosia were suspected. She also had ataxic gait with limb ataxia. Cerebrospinal fluid examination showed normal cell counts, sugar and protein, and moderately elevated neuron specific enolase (99.6 ng/dl) and 14-3-3 protein (55 ng/ml; normal range: below 25 ng/ml). No abnormal mutation was detected in prion protein gene. At week 2 after admission, vivid visual hallucination worsened, and myoclonus in four extremities was evident at 4 weeks. She could not speak and required a gastric tube for nutrition at 8 weeks after admission, and developed akinetic mutism and ataxic respiration at 16 weeks.
Case 2 was a 70-year-old man. Approximately 1 month before admission to our hospital, he felt occasional dizziness followed by slow progression of left leg weakness. One week later, his gait became unstable and an abnormal MRI lesion was detected in a local hospital. Two weeks after onset, he developed visual illusion and hallucination (for example, upper half of the human body wandering in the room), and left hemi-myoclonus. Left hand weakness and dysarthria gradually progressed. He was admitted to our hospital at 4 weeks after onset. He presented with mildly disturbed consciousness with dysarthria and incomprehensible, meaningless speech. Left hemiparesis with myoclonus and bilateral Chaddock signs were observed. Cerebrospinal fluid examination showed normal cell counts, sugar and protein, with mildly elevated neuron specific enolase (59.5 ng/dl) and 14-3-3 protein (+). No abnormal mutation was detected in prion protein gene. Seven weeks after admission, he could not speak and showed akinetic mutism with generalized myoclonus.
EEG sampling
Routine digital EEG was recorded every week from weeks 7 to 11 week after onset in Case 1, and from weeks 5 to 9 after onset in Case 2. Nineteen electrodes were placed following the international 10-20 method, and EEG was recorded (EEG2100, Nihon Koden, Tokyo) at a sampling rate of 200 Hz.
MRI
MRI was conducted using a 1.5 Tsystem (Magnetome Symphony, Siemens). Routine T2-weighted image, proton image and DW image were acquired. Axial images of 5-mm slice thickness were obtained with the following conditions: SE, TR 3000 and TE 99 for T2-weighted image; SE, TR 3000 and TE 12 for proton image; and EPI, TR 5600, TE 176 and B factor 1000 for DW image.
Digital EEG analysis
Each digital EEG recording was examined visually to detect PSWC by an electroencephalographer who was blinded to the clinical courses and MRI findings. The frequency and voltage were measured from clearly identified PSWC. The mean frequency and voltage of PSWC were calculated from 10 randomly selected consecutive PSWC. To obtain objective data and to avoid observer bias, frequencies of the PSWC were calculated by the autocorrelation method using INSIGHT II (Persyst, Prescott, AZ). PSWC with relative ratios greater than 0.5 were included in the analysis. The randomly selected PSWC were averaged, and mean voltage topographical mapping was determined. The 20-ms segments before and after the PSWC peak were used in EEG source localizing analysis by the LORETA method (EMSE Suite; Source Signal Imaging, San Diego, CA). The calculated EEG source was superimposed onto the axial slice and three-dimensional surface MRI was reconstructed and used to evaluate the correlation between EEG source and its anatomical localization.
The FIRDAs observed in these two cases were also subjected to source localization analysis by LORETA.
Results
Alterations of EEG findings
In Case 1, only high voltage slow waves (FIRDA) were observed over the frontal area at admission (week 7 after onset), but no PSWC was evident. After 1 week, PSWC were observed predominantly at the right temporal lead, with a mean frequency of 1.0 Hz and a mean voltage of 140 mV. Although the mean frequencies of the PSWC remained at 1.2 Hz without alteration from weeks 9 to 11 after onset, the mean voltages increased gradually to 143, 167 and 203 mV, predominantly on right temporal (T4) to right frontal (Fp2) leads. In Case 2, frontal slow wave complexes (FIRDA) but no PSWC were seen up to 5 weeks after onset. At week 7, PSWC with a mean frequency of 1.5 Hz and a mean voltage of 121 mV were detected over right temporo-frontal leads (T4, F8, Fp2, F4). The mean frequency increased from 1.9 to 2.1 Hz and the mean voltage also increased to 162 mV at week 9.
Frequency analysis of PSWC using autocorrelation method
In Case 1, the mean frequencies calculated by autocorrelation method were 1.2 Hz at week 8, 1.38 Hz at week 9, 1.42 Hz at week 10, and 1.28 Hz at week 11. In Case 2, the mean frequencies were 1.7 Hz at week 7, 2 Hz at week 8, and 2.4 Hz at week 9.
EEG source analysis
The digital EEG PSWC data from weeks 8 to 10 of Case 1, and the data from weeks 7 to 9 of Case 2 were used in source localizing analysis by LORETA. In Case 1, the EEG source was localized in bilateral parietal lobes, predominantly on the right side, and mesial frontal cortex at week 8, and spread to bilateral parietal and bilateral frontal lobes at week 10 ( Fig. 1a and b) . In Case 2, the EEG source was suspected to be in bilateral frontal and parietal lobes, predominantly in the right parietal lobe at week 7. Two weeks later, the calculated source areas were enlarged, predominantly in the right frontal lobe (Fig. 2a and b) .
Topographic localization of FIRDA by LORETA is shown in Fig. 3 . The EEG sources of the two cases were located predominantly on the right frontal lobe, and these sources were ipsilateral to the lesions demonstrated by DW-MRI.
Three-dimensional brain surface topography imaging
Three-dimensional reconstructed images were used to illustrate topographic cortical distribution. In Case 1, a broad relative positive area was observed on the surface of right frontal cortex at week 8, and negative areas were depicted on bilateral mesial frontal cortices at week 10. In Case 2, narrow negative areas were observed on bilateral mesial frontal cortices at week 7, and an expanded negative area was found in the right frontal cortex at week 9 (Fig. 4) .
Serial MRI
In Case 1, DW-MRI depicted high signal intensity areas on right temporal, occipital lobe, bilateral parietal lobe and bilateral caudate at week 7, although T2-weighed images failed to detect cortical lesion except slightly increased attenuation on the caudate. The cortical lesions spread bilaterally at week 10 ( Fig. 1c and d) . In Case 2, DW images showed high signal intensity areas at the right parietal lobe but no caudate lesion at admission (week 4 after onset). The lesions expanded to bilateral frontal and parietal lobes at week 7, and further to right temporal, bilateral frontal, occipital and parietal lobes at week 9. Bilateral caudate lesions were seen at week 11 ( Fig. 2c and d) .
Discussion
MRI lesions and EEG findings of CJD cases have been described in several reports. 7, 8, 12 Bavis et al. demonstrated the topographic distribution of PSWC in CJD. However, comparison of MRI lesions with PSWC distribution using EEG source localizing method has not been documented. In this paper, we evaluated the PSWC distributions using LORETA, a source localizing method, in the early stage of CJD cases with localized DW imaging lesions on MRI. We found that the EEG source of PSWC was localized close to the DW imaging lesion. As the cortical DW imaging lesions progressed, the EEG source distribution was also enlarged. These results indicate the relationship between PSWC and cortical DW imaging lesion. The typical findings of PSWC in CJD are bilateral synchronized diffuse high voltage sharp wave complexes. In general, the dipole localization method is used in EEG source analysis, and the single dipole model is based on the prerequisite that the EEG source originates from one point. PSWC in CJD, however, arise from broad cortical areas even in the early stage of this disease. Even if the PSWC distribution is relatively localized, it is difficult to apply the single dipole model to localize the source. LORETA is capable of analyzing broad EEG source distribution, and also diffuse EEG distribution data 14 such as spike and wave complexes in absence epilepsy. LORETA is therefore a useful tool for the evaluation of the PSWC distribution. The distribution pattern can be superimposed on MRI, allowing easy comparison with DW-MRI findings.
Many hypotheses have been proposed for the mechanisms of PSWC generation. 15, 16 In historic studies, since white matter lesion and basal ganglia lesion were the only recognizable findings in late stage of CJD, the theory of disconnection between cortex and basal ganglia was proposed. 17 However, more recent studies have shown that PSWC are not found in cases with limited white matter lesions, therefore cortical dysfunction seems to be the main cause of PSWC. In the present study, there is no relationship between PSWC and basal ganglia lesions including the caudate, or white matter lesion. Another study has suggested that PSWC may be caused by abnormal non-synaptic transmission as a result of spongiform virus encephalopathy. 18 In the early stage of CJD, cortical lesion on DW-MRI shows low signal intensity in apparent diffusion coefficient mapping, reflecting the presence of severe CJD pathology. 19 We demonstrated that the EEG source of PSWC arose close to the DW-MRI lesion. We therefore conclude that the mechanism of PSWC generation may be associated with abnormal function of cortical neurons caused by CJD pathology.
In the early diagnosis of CJD, the DW-MRI lesion has higher specificity and sensitivity than PSWC on EEG or elevated 14-3-3 protein in CSF. 5, 6 In the 720 M. Mizobuchi et al. present cases, DW-MRI lesions were observed at admission, whereas the EEG showed no PSWC but focal frontal slow waves (FIRDA). 9 In these cases, the EEG sources of FIRDA were localized in the right frontal lobes, ipsilateral to the DW-MRI lesions. Therefore we speculate that relatively small cortical lesions may cause frontal lobe dysfunction in the early stage of CJD. Then PSWC develop accompanying extension of the DW-MRI lesion. As PSWC consist of high voltage waves, extended cortical lesion seems to be required for the generation of PSWC. The frequency of PSWC may not be associated with the extent of the cortical DW-MRI lesion. Other factors such as disconnection from the subcortical pacemaker structures may influence the frequency of PSWC.
Further studies are needed to evaluate the longterm alternations of PSWC and DW-MRI lesion, and to identify the factors determining the frequency of PSWC. Figure 4 Three-dimensional topography of surface distribution of PSWC. In Case 1, broad relative positive area is observed on the right frontal cortex at week 8 (a), and negative areas appear on bilateral mesial frontal lobes at week 10 (b). In Case 2, narrow negative areas are found in bilateral mesial frontal cortices at week 7(c) and a right frontal negative area has expanded at week 9 (d). 
